possible to envision better methods to identify at-risk populations and new targets for therapeutic interventions and vaccines. This review will summarize the accumulated literature examining the immunogenetic factors associated with propensity for the development of severe pandemic H1N1 (pH1N1) manifestations. We will focus on novel and key insights gained through study of ethnic populations that appeared more vulnerable to severe disease during the 2009 H1N1 pandemic.
tions may be at highest risk of infection and to direct delivery of effective therapeutic interventions and vaccines to those at risk, a thorough understanding of both viral and host contribution to pathogenesis is required. In the recent 2009 H1N1 pandemic, the availability of advanced technology resulted in a plethora of studies that offered a glance into the impact of viral evolution and mutation on viral pathogenesis. In addition, based on human and animals model studies of the host immune response to infection and the realization of contributors to severe disease, the host immune response and the genetics that underlie it were examined. Genetic variation in immune-related genes has now been shown to account for disparate susceptibility of numerous infectious agents and may be contributing to the variation observed in pH1N1 susceptibility and disease severity. Identification of host genetic polymorphisms contributing to altered susceptibility or disease severity has the potential for impact by allowing identification of high-risk populations, where prophylactic interventions may be a higher priority. Elucidation of host proteins important in virus-host interactions and causing collateral damage may lead to new targets for therapeutic interventions or vaccine development [1] .
The 2009 appearance of a swine origin reassortant virus initially in Mexico with subsequent spread throughout North America and globally led to the first pandemic of the 21st century. Past pandemics were marked by the fact that certain individuals or populations appeared to be more susceptible to severe disease; however, the ability to conduct studies in order to understand the immune mechanisms that underlay the increased propensity for complications was limited. The 2009 H1N1 pandemic was accompanied by improved preparedness and surveillance, thereby facilitating better estimation of disease severity and methods to examine the immune mechanisms behind complicated disease [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . This surveillance allowed for the identification of several novel risk factors among various populations but with a limited understanding of the genetic variation that may contribute to those risk factors.
Risk Factors Associated with Severity of the 2009 Pandemic H1N1 Infection
Extremes of age and immune deficiencies are known contributors to disease severity in the context of seasonal influenza. In contrast, the 1918 H1N1, as well as the recent 2009 pandemics, were notable for the comparatively high rates of morbidity among healthy, young adults not typically observed with seasonal influenza [11] . During the recent pandemic, several studies of confirmed pH1N1 cases in Canada and the US reported the median age of severe infections to be 23-27 years old [8, 10] . In Canada, only 30-48% of infections occurred in individuals with comorbidities such as: diabetes, heart disease, lung diseases, obesity, and immunosuppression [10, [12] [13] [14] . In addition, pregnancy appeared as an important risk factor; among hospital admissions, pregnancy accounted for roughly 30% of female cases aged 20-39 years old [9, 12, 15] .
Ethnicity emerged as risk factor of pH1N1 susceptibility, as it was identified in several populations in North America and Australasia. The increased proportion of Aboriginal individuals presenting with severe pH1N1 infection was previously seen in the 1918 H1N1 pandemic, during which mortality in Aboriginal communities in North America (3-9%) was significantly higher than among non-Aboriginal communities [16, 17] . In the 2009 pandemic, Kumar et al. [12] also reported 25.6% of the individuals admitted to intensive care units (ICUs) in Canada belonged to Aboriginal ethnicities; this is an overrepresentation compared to the 4.4% rate of self-reported Aboriginal ethnicity according to the 2001 census (Statistics Canada). Similarly, pH1N1 mortality rates among American Indian/Alaska Natives were 4 times higher than persons in all other ethnic populations combined in the US [18] . Similarly, native communities in Australasia were more severely affected. Pacific Islanders accounted for 2.5% of the Australian population but made up 9.7% of patients admitted to Australian ICUs with confirmed pH1N1. Maori individuals represent 13.6% of the New Zealand population but accounted for 25% of ICU admissions in the ANZIC study (Australian and New Zealand Intensive Care Study) [19] . These studies point to the presence of vulnerable populations, but did not delineate the underlying causes of this apparent predisposition to severe disease. A combination of several risk factors, acting in concert, is needed to explain the high rates of complications. Socio-economic factors leading to inability to access care, delays in seeking care, higher rates of poverty, malnutrition, and greater numbers of household members may all play an important role. Underlying mechanisms behind some of the risk factors converge to a degree of immune system impairment, raising the possibility that the ability to mount a cross-reactive immune response to a newly encountered influenza strain, with emphasis on the role of cell mediated immunity, is decreased in some of the previously described groups (pregnancy is a good example).
Immunogenetic Risk Factors Associated with Severity of the 2009 Pandemic H1N1 Infection
The antibody response directed largely at the surface glycoproteins provides short-lived protection, limited to the specific influenza strain. It is, however, ineffective in the context of novel strains with altered surface antigens, as is seen with new pandemic strains. It is therefore thought that innate and cell mediated responses are crucial in provision of heterosubtypic cross-protection. Genetic polymorphisms that lead to impaired innate signaling or diminished CD8 responses may lead to impaired ability to abrogate an infection caused by novel influenza strains and may, therefore, be associated with adverse outcomes. During the 2009 H1N1 pandemic, several immunogenetic determinants of severe disease were identified.
Killer Immmunoglobulin-Like Receptors
Natural killer (NK) cells are important components of the innate response to influenza. They are capable of producing effector antiviral functions as well as playing a role in shaping the adaptive responses. Their activity is determined by a balance between activating and inhibitory receptors [20] [21] [22] [23] . One of the classes of inhibitory receptors, the Killer-cell immunoglobulin-like receptors form a large family of receptors that recognize HLA Class I ligands and induce an inhibitory response, thought to be important in preventing damage to healthy tissue. In a recent study, reduced NK cell frequencies were observed among patients with severe responses to H1N1/09 infections, when compared to mild cases and healthy controls [24] . This study was limited to a small case-series, and it is difficult to draw conclusions. The role of NK in determination of severity is strengthened by a study of a First Nations community that was severely affected during the first wave of the 2009 H1N1 pandemic revealed low degree of 3DL1/S1 diversity, relative to Caucasian populations and ICU non-Aboriginal patients. Four allotypes accounted for the majority of Aboriginal subjects, and the 2DL2/L3 ligand-positive pairs were common among patients requiring ICU admission, in comparison to the individuals from the same community that did not suffer from severe influenza. The authors conclude that the 2DL2/L3-ligand interactions may be involved in determining the greater risk for severe disease [25] . Taken the limited evidence together, it appears that NK interaction with T cells may be of importance in setting the stage for severe manifestations of H1N1 influenza.
CCR5⌬32 Allele
The CCR5 protein is a chemokine receptor expressed on T cells, macrophages and dendritic cells, and it is thought to be important in mediating leukocyte chemotaxis in response to chemokine. The interaction of the receptor with its ligands results in the homing of many immune cells to the mucosal surfaces-site of viral invasion. CCR5 receptor deficiency as a result of Δ32 allele has been known to protect against HIV acquisition. More recent research has resulted in broadening of the understanding of the roles played by CCR5, when the Δ32 allele was found to be associated with an increased risk of symptomatic and fatal West Nile virus infection, a severe adverse reaction to the live yellow fever virus vaccine, as well as with severe tickborne encephalitis symptoms [26] [27] [28] [29] [30] . The disparities in disease severity during the 2009 H1N1 pandemic led our group to study CCR5 genotype among patients with respiratory failure requiring ICU admission. Among individuals with confirmed severe pH1N1 infection, the CCR5Δ32 allele was found in 55.6%, giving 
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IgG2 subclass deficiency reported in association with severe H1N1 Polymorphisms linked to IgG2 deficiency were not confirmed in H1N1 patients a Caucasian allele frequency of 27.8% [31] ( table 1 ) . This observed frequency is approximately 2.5 times higher than reported for local North American Caucasian populations and may be associated with a plausible biological mechanism; however, the sample size of this study was small and the observation is yet to be repeated in additional cohorts.
Immunoglobulin G2 Subclass Deficiency
IgG2a and IgG2b are able to bind to Fc receptors with high affinity and are thought to be important in the protection against influenza infection. An Australian study identified an index case of severe influenza in a pregnant woman with IgG2 subclass deficiency and subsequently measured total IgG and IgG subclasses in all patients with pH1N1 infection requiring ICU care. A significant proportion of the participants were pregnant. Severe cases had a low level of IgG2 and these low levels were correlated with disease severity using multivariate analysis, compared to less severe controls and asymptomatic pregnant women presenting to antenatal clinic. Repeated measurement of IgG2 3 month later among 15 of the surviving IgG2-deficient patients showed that 11 of them remained IgG2 deficient despite the return of albumin to baseline values [32] . A study from China that compared IgG2 levels among Asian patients with respiratory failure due to severe pandemic influenza to mild cases did not find cases of selective IgG2 deficiency. They did find lower levels of IgG2 among the severe cases (despite normal levels of the other IgG subclasses) [33] . They suggested that the presence of cytokine dysregulation among severe pH1N1 infections is a result of exuberant Th1 response and a suppressed Th2 response and may explain the low IgG2. Thus, the role of genetic IgG2 subclass deficiency remains to be proven. An additional study from Mexico, consisted of case-control genotyping of 91 patients with confirmed severe pneumonia from A/H1N1 infection as well as 98 asymptomatic household contacts with presumed exposure. They found an association of 4 single nucleotide polymorphisms (SNPs) with severe disease. One of the SNP's identified was the low-affinity IIA receptor, Fc fragment of IgG, along with a polymorphism in complement component 1. Taken together, these 2 suggest an involvement of immune complexes and complement activation in determining the risk for severe pneumonia due to A/H1N1 influenza infection [34] .
Additional Candidate Polymorphisms Contributing to Severe Pandemic H1N1 Influenza
Genetic polymorphisms associated with pH1N1 susceptibility and disease severity identified to date are limited and much of the data is derived from small cohorts. An improved understanding of the sequence of immune responses to influenza can be used to guide a more focused approach to identify specific pathways that may be differentially activated by individuals with severe disease. Based on available data, we can identify several immune pathways and their genetic variants that warrant further investigation.
The CD8+ T cell response is a strong predictor of vaccine-induced protection among the elderly and individuals with comorbidities that result in a decreased ability to mount a protective antibody response. The targets of the cell mediated immune responses are found within the relatively conserved viral proteins. In contrast to antibody IgG responses aimed at surface glycoproteins, CD8+ T cell responses are capable of providing some cross-reaction against new influenza strains and have attracted significant attention with the hope of generating a more broadly protective vaccine [35, 36] . HLA alleles are the most variable human genes, and on a population level, variable proportions of HLA class I alleles may correlate to qualitatively and quantitatively distinct CD8+ T cell responses. Multiple lines of evidence point to differences of breadth and magnitude of responses among individuals baring distinct HLA class I alleles. Boon et al. [37] demonstrated that the frequency of CTL responses specific for the HLA-B8-restricted epitope NP 380-388 was lower in HLA-B27-positive donors than in HLA-B27-negative donors and that the HLA-A1-restricted epitope NP [44] [45] [46] [47] [48] [49] [50] [51] [52] responses were higher in HLA-A1-, -A2-, -B8-, and -B35-positive donors than in other donors [37] . Despite the fact that the potential impact of CD8+ T cells on attenuating the course of influenza is well documented, the role of HLA class I alleles in determining pH1N1 influenza severity remains unexplored. Severe cases during pandemic H1N1 are associated with exuberant inflammation and cytokine release, accounting for some of the tissue damage. Interferon-induced transmembrane protein 3 (IFITM3) is thought to play a role in restricting influenza virus replication. The critical role is supported by the observation that mice lacking IFITM3 develop fulminant viral pneumonia after challenge with a low-pathogenicity influenza. A recent study of 53 hospitalized A/ H1N1infected patients from England and Scotland documented a synonymous SNP, thought to alter the first splice acceptor site and to be associated with the IFITM3 splice variant, to be enriched among hospitalized individuals [38] .
Vitamin D Immune Modulating Effects
Several lines of evidence, derived from epidemiological [39, 40] , in vivo [41] , in vitro [42] [43] [44] , and randomized controlled trials [45] , implicate a role of vitamin D in influenza infection. The underlying molecular mechanism is not fully understood but vitamin D may play a role in disease pathogenesis by eliciting rapid-acting antiviral peptides [46, 47] and/or dampening excessive virus-induced inflammation [48] (cytokine storm), which may otherwise lead to severe infection. Surprisingly, little has been reported on the association between genetic variants in the vitamin D biosynthetic/immunomodulatory pathway and severe influenza, knowledge that may explain the disparity between mild and severe outcomes of infection. Moreover, Larcombe et al. [49] reported higher frequency of SNPs in the vitamin D receptor leading to low expression of the receptor among individuals of First Nation ethnicities in Canada. It is possible that the presence of altered vitamin D receptor signaling may contribute to the vulnerability to severe disease observed during H1N1 influenza pandemics. Additional investigation of this hypothesis is warranted to provide a better understanding to how vitamin D impacts the natural history of influenza infection and, further, can influence public health recommendations for vitamin D supplementation with a view to mitigate severe influenza infection.
Additional factors are summarized in a review of 72 manuscripts published by Hornby et al. [50] . From this extensive review, it is clear that the susceptibility to severe pandemic influenza in humans is polygenic, and it is determined by pathogen characteristics and the interaction between those and multiple host factors that also include prior infection history, comorbidities as well as environmental factors. Pandemic H1N1 presents a unique opportunity to study genetic susceptibility to severe influenza in different populations and in a manner that is less confounded by infection history and pathogen variability. The absence of single genes that are able to explain differences in susceptibility and the association with genes representing a myriad of pathogenetic mechanism suggests a hypothesis-free genome-wide approach may be valuable in order to gain additional insights into the predisposition to severe disease.
Gene Expression Studies -An Exploratory Tool for the Study of Genetic Susceptibility to H1N1 Infection
The development of high throughput methods to study the genomics of response to pathogens has been utilized to study disease severity caused by the 2009 H1N1 pandemic influenza. Bermejo-Martin et al. [51] studied 19 critically ill patients from Spain, with documented primary pH1N1 influenza pneumonia. They applied gene expression, cytokine measurement and pathway analysis aiming to interrogate host immune responses associated with severe disease. They identified impaired expression of a number of MHC class II and MHC class I genes, T cell receptor-associated genes, granzyme B associated signaling, genes related to B cell maturation as well as a cluster of genes thought to be involved in antigen presentation in the most severe group of patients. The group with severe illness also showed higher expression of genes involved in IL-6 and IL-10 pathways, along with high serum levels of the same cytokines. The authors found a pronounced elevation of proinflammatory cytokines, along with high levels of immunosuppressive cytokines in serum among the individuals with poorest outcomes. They concluded that severe disease is associated with an impaired transition from innate to adaptive immunity in response to the pH1N1 virus resulting in delayed viral clearance. This study did not examine the role of genetic polymorphisms in the apparent immune perturbations [50, 51] . One mechanism that may lead to the excessive release of pro-inflammatory cytokines may be mediated through the recognition of viral molecular patterns by the 3 families of pattern recognition receptors (RIG-I like helicase family, the Toll-like receptor family, and the nucleotide binding domain and leucine-rich-repeat-containing family). These are thought to be a key in early response to viral pathogens, and the activation of ensuing cascades helps to shape the adaptive responses [53, 54] . Allen et al. [52] demonstrated that NLRX1 may play an inhibitory role on antiviral signaling pathways. Using NLRX1 knockout mice, they illustrated upregulation of IFNβ, STAT, OAS1 and IL-6 with resulting increased mortality. The balance of activation and inhibition of anti-inflammatory cascades may be altered due to polymorphisms in genes involved in the pattern recognition pathways; however, studies in humans are lacking.
It is conceivable that such polymorphisms may contribute to differential susceptibility to pandemic H1N1 influenza infection. Using the data from these studies can 14 guide more detailed targeted pathway examination comparing individuals with severe disease to those with asymptomatic or mild infections.
Conclusions
Several lines of evidence suggest that different populations have disparate degrees of susceptibility to pH1N1 and that host variation in key genes associated with the appropriate immune response could play an important role in determining the outcome of infection. The development of newer tools, including massively parallel sequencing platforms capable of simultaneously measuring gene expression levels as well as genetic polymorphisms will undoubtedly result in the discovery of some genetic predictors of morbidity and mortality caused by pH1N1. The addition of measurement of cytokine levels based on pathways identified as a result of the genomics approach will help to validate the role that signaling through the pathways discovered plays. Combination of the sequencing approach with a functional measure is thus necessary in order to illustrate a mechanism behind predisposition to severe disease caused by H1N1 influenza and may result in identification of potential targets for therapeutic interventions. Several challenges to conducting such studies include: the recruitment of appropriate controls, ideally individuals with asymptomatic or mild infections, obtaining ethical permission to carry out genetic polymorphism studies, the need for large numbers of wellcharacterized clinical specimens with relevant clinical data, and limited access to a sufficient number of samples from severe and fatal cases at a single institution. Despite the aforementioned hindrances, such research with multiple sites collaborating may provide insights into the determinants of susceptibility, and this understanding of the extreme phenotype of disease may eventually result in preventive and treatment interventions directed at the most at-risk populations.
